Abstract
Introduction
Ca 2+ ions play a central role in regulating a variety of neuronal processes, such as neurotransmission, cytoskeletal dynamics, gene expression and signal transduction. The intracellular concentrations of Ca 2+ in the resting state are very low (10-100 nM free Ca 2+ ) and tightly controlled. Specific, temporally and spatially defined increases in intracellular Ca 2+ levels are mediated by a variety of extracellular signals, including electrical activity, neurotransmitters, growth factors and hormones. The actions of Ca 2+ are often mediated by Ca 2+ -binding proteins, which may act as either Ca 2+ buffers or Ca 2+ sensors. Ca 2+ -sensing proteins, including the neuronal calcium sensor (NCS) proteins, change their conformation upon Ca 2+ binding, which allows them to modulate the interaction with their targets and thus act as effector molecules to transduce Ca 2+ signals into appropriate downstream events. However, the functions of most members of the NCS family are currently largely unknown.
NCS proteins have been cloned from a variety of species and have been subdivided into five subfamilies, based on sequence similarity and evolutionary appearance [1, 2] . One subfamily consists of frequenin/NCS-1, the primordial member of the NCS family, and the only family member with an identified homologue in yeast. NCS-1 has been evolutionarily highly conserved, with the yeast protein [3] being 59% identical to the human protein [1] . A second subfamily comprises the visinin-like proteins (VILIPs), including VILIP-1, VILIP-2, VILIP-3/neurocalcin δ and hippocalcin. Little is known about the possible biological functions of the highly similar members of this subfamily, and the available data suggest functions ranging from a role in mRNA localization [4] to apoptosis [5] or intracellular trafficking [6] . In contrast, the two subfamilies comprising the recoverins and the guanylate cyclaseactivating proteins, which appeared coincident with the evolution of the vertebrate eye, are expressed only in retinal photoreceptor cells, where they perform established roles in phototransduction through regulating the activity of rhodopsin kinase and guanylate cyclase respectively [1, 7] . Finally, the Kv-channel-interacting proteins (KChIPs), which have only been identified in mammals, seem to control the activity and/or surface expression of A-type K + channels [8, 9] , while alternative roles include functions in transcriptional regulation [10] or Alzheimer's disease [11, 12] .
Structure and localization of NCS-1
The primary structure of all NCS protein family members is similar [1] . NCS-1 possesses four EF-hand motifs (EF1-EF4), each consisting of a 12-amino-acid loop within which Ca 2+ is co-ordinated with α-helices on either side. EF1 is unable to bind Ca 2+ due to the presence of a conserved substitution in the Ca 2+ -binding loop. NCS-1 shows highaffinity Ca 2+ binding in vitro which is half-maximal below 1 µM free Ca 2+ and co-operative, with a Hill coefficient of approx. 2 [13] . Thus NCS-1 is able to transduce very small changes in intracellular Ca 2+ concentrations in a range that would activate only a small proportion of calmodulin, and a fraction of NCS-1 may even be active under basal conditions. In addition, NCS-1 contains an N-terminal myristoylation consensus sequence that has been shown to be a substrate for N-myristoyltransferase [14] .
A model for the observed Ca 2+ -induced membrane translocation of the NCS proteins has been proposed based on structural and biochemical studies performed with recoverin, the founder member of the NCS family [15, 16] . The Ca 2+ -myristoyl switch model suggests that Ca 2+ binding to cytosolic recoverin leads to a large conformational change, followed by extrusion of the myristoyl group previously buried within a hydrophobic pocket, thus resulting in the translocation and myristoyl-dependent association of Ca 2+ -bound recoverin with the plasma membrane. In contrast, the Ca 2+ -myristoyl switch model does not seem to be applicable to NCS-1, since NCS-1 is able to bind to membranes in the absence of Ca 2+ [14] or if all Ca 2+ -binding EF-hand domains are mutated [17] , even though intracellular Ca 2+ can evoke the translocation of endogenous, cytosolic NCS-1 to membranes [18] .
Although thought initially to be neuron-specific [2, 19] , NCS-1/frequenin has been shown subsequently to be expressed in neuroendocrine cells [20] , as well as in several non-neuronal cells, albeit at lower levels [21] [22] [23] [24] [25] . Together with the observation that NCS-1 is an essential gene in Saccharomyces cerevisiae [3] , these data suggest that NCS-1 may perform more general, rather than solely neuronspecific, functions. Subcellular localization studies indicate that the majority of endogenous NCS-1 is either cytosolic or associated with perinuclear structures identified as Golgi and trans-Golgi membranes [18, 25, 26] . Depending on the cell system under investigation, small amounts of NCS-1 have also been detected on vesicular structures or at the plasma membrane [17, 18, 27] . Since other members of the NCS family, such as recoverin, are targeted preferentially to the plasma membrane upon Ca 2+ binding and myristoyl anchor extrusion, factors other than solely the myristoyl tail [17] , such as specific receptors and/or downstream protein binding partners, may be involved in specifically localizing a given NCS protein to a given subcellular compartment.
NCS-1 function
NCS-1 was originally identified in Drosophila, and its overexpression was shown to cause a frequency-dependent facilitation of neurotransmitter release [28] . Subsequently, overexpression of NCS-1 in Xenopus was found to enhance both spontaneous and evoked transmission at the neuromuscular junction [29] , to increase Ca 2+ -dependent exocytosis of dense-core granules in pheochromocytoma (PC12) cells [20] , to enhance activity-dependent facilitation at the calyx of Held synapse [30] , and to enhance associative learning and memory in Caenorhabditis elegans [31] . Together, these and other studies (see below) clearly establish an important role for NCS-1 in enhancing synaptic transmission, and elucidating the mechanism by which NCS-1 performs its potentiating role(s) has since become the major focus of investigation.
Important insight into the possible mechanism of action of NCS-1 has come from studies performed in yeast. Frequenin, the orthologue of NCS-1 and the only NCS family member identified in S. cerevisiae, was found to interact with PIK1, one of the two non-redundant phosphatidylinositol 4-hydroxykinases (PI4Ks) in yeast [3] . The binding of frequenin to PIK1, while Ca 2+ -independent, enhanced the activity of PIK1 by 3-10-fold. PIK1 was found to be localized to the cytoplasm and to trans-Golgi membranes, and a mutation in PIK1 was found to cause an accumulation of Golgi structures and a concomitant, probably actinindependent, defect in Golgi-to-cell-surface and Golgi-tovacuole trafficking [32, 33] . Endogenous mammalian NCS-1 also interacts with type III PI4Kβ (the PIK1 homologue) in neuronal and chromaffin cells [18, 34] , and can stimulate the activity of PI4Kβ in vitro [35] . Together, these data establish PI4Kβ as an in vivo downstream target of NCS-1, and suggest that NCS-1 may modulate the levels of phosphoinositides, which have been implicated in regulating various membrane trafficking events.
NCS-1 regulates vesicular trafficking events
Conceptually, NCS-1 may enhance secretion by modulating intracellular membrane trafficking events in a variety of ways, such as by increasing the number of functional synaptic contacts or the number of vesicles per synaptic contact. Alternatively, a change in the lipid/protein composition of the vesicle and/or plasma membrane may affect the efficiency with which a vesicle fuses upon Ca 2+ influx. Finally, modulation of intracellular trafficking pathways may enhance neurotransmission by increasing the amount and/or activity of presynaptic channels and/or postsynaptic receptors. Evidence supporting all of these possible mechanistic explanations for the NCS-1-mediated enhancement of secretion has been accumulating lately. For example, the overexpression of NCS-1 in Xenopus neuromuscular synapses in culture led to an increase in the number and size of synaptic contacts [36] . Similarly, overexpression of NCS-1 in the NG108-myocyte co-culture model led to enhanced synapse formation, probably due to an increase in the number of cholinergic synaptic vesicles [27] . In an anterior pituitary cell line, NCS-1 overexpression was found to increase the storage pool of adrenocorticotrophin, indicating that NCS-1 acts to increase the number of regulated secretory vesicles in Figure 1 Possible mechanisms by which PI(4)P and PI(4,5)P 2 increase transport out of the TGN (A) NCS-1-mediated recruitment of PI4Kβ to the TGN, with a concomitant increase in the levels of PI(4)P and PI(4,5)P 2 , may lead to an increase in the recruitment of AP-1/epsinR [43, 44] , followed by an increase in the number of clathrin-dependent transport carriers destined for the regulated secretory pathway. A similar mechanism may apply to the recruitment of unknown coat components of constitutive secretory vesicles. (B) According to the Golgi mesh hypothesis [45] , NCS-1-mediated recruitment of PI4Kβ to the TGN, followed by an increase in levels of PI(4,5)P 2 and concomitant recruitment of large spectrin oligomers, may lead to a widening of the spectrin-actin mesh and a resulting increase in transport carriers exiting the TGN and destined for both the regulated and constitutive secretory pathways. (C) Following an increase in intracellular Ca 2+ , NCS-1 may recruit PI4Kβ to the TGN, followed by an increase in PI(4,5)P 2 levels. Phospholipase C (PLC)-dependent agonist stimulation may lead to additional Ca 2+ discharge from the Golgi, which may act locally to increase the stability of transport carrier vesicles exiting the TGN [47, 48] .
this cell line [21] . Overexpression of NCS-1 in PC12 cells was found to enhance release [37, 38] , either by increasing the number of vesicles available for release or by increasing the fusion-competence of individual vesicles [38] . Finally, NCS-1 has also been shown to increase the surface expression of presynaptic Ca 2+ channels and to regulate postsynaptic receptor trafficking (see below). How could NCS-1 regulate these various trafficking steps in a PI4Kβ-dependent manner?
Phosphoinositides have emerged as important regulators of a variety of membrane trafficking processes. For example, de novo synthesis of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ] has been shown to be important for an ATPdependent priming step preceding the Ca 2+ -dependent fusion of regulated secretory vesicles. PI(4,5)P 2 also plays a positive role in regulating clathrin-mediated endocytosis from the plasma membrane and in regulating an actin-based vesicle motility mechanism ( [39] and references therein). In addition, phosphatidylinositol 4-phosphate [PI(4)P] and/or PI(4,5)P 2 are necessary for the exit of various transport carriers from the trans-Golgi network (TGN).
The TGN is a major sorting station within the cell, in which distinct vesicle populations, destined for various locations, are formed. Whereas COPI-dependent transport carriers mediate retrograde Golgi trafficking steps, clathrin/ adaptor protein-1 (AP-1)-dependent transport carriers are destined for the regulated secretory pathway, and protein kinase D-dependent, but COPI-and clathrin-independent, transport carriers are destined for the constitutive secretory pathway [40] . Recruitment of the proteinaceous COPI and clathrin coats requires the small monomeric GTPase ADPribosylation factor. Importantly, ADP-ribosylation factor is able to recruit type III PI4Kβ and a PI(4)P 5-kinase to the Golgi complex [41] , resulting in a phospholipase D-independent increase in PI(4,5)P 2 . Similarly, the protein kinase D-dependent generation of constitutive secretory vesicles is also likely to be positively regulated by phosphoinositides, since constitutive secretion from the TGN to the cell surface in yeast is dependent on the type III PI4Kβ homologue PIK1, and since protein kinase D has been shown to associate with a PI4K and a PI(4)P 5-kinase in an activitydependent manner [42] .
The exact mechanism(s) by which PI(4)P and/or PI(4,5)P 2 exert their effects on trafficking out of the TGN are currently unknown. A number of scenarios are possible. For example, since epsinR and AP-1 seem to bind PI(4)P and PI(4,5)P 2 respectively [43, 44] , trafficking out of the TGN may be modulated by a phosphoinositide-dependent recruitment of coat proteins ( Figure 1A ). An alternative hypothesis for how an increase in PI(4)P and PI(4,5)P 2 levels may increase trafficking out of the TGN involves the membrane skeleton, which is associated with the cytoplasmic surface of the Golgi, and which is thought to contain spectrin and ankyrin, two actin-binding proteins [45] (Figure 1B) . A two-dimensional meshwork may be generated through the interaction of spectrin with actin, and may be bound to integral components of the Golgi membrane via either PI(4,5)P 2 and/or membrane proteins. The mesh hypothesis predicts that increasing the size of the mesh, for example by incorporating more long spectrin oligomers in a PI(4,5)P 2 -dependent manner, would allow enhanced entry and exit of transport carriers into and out of the Golgi complex. Thus localized increases in PI(4,5)P 2 , mediated by an NCS-1-dependent recruitment of PI4Kβ, would lead to the observed increase in trafficking through the Golgi [46] as well as to the observed NCS-1-dependent increase in both constitutive and regulated trafficking intermediates exiting the TGN (see above).
Another hypothesis arises from the finding that Ca 2+ plays a role in stabilizing at least COPI-dependent transport vesicle coats [47] . While it is currently unknown whether Ca 2+ also plays a role in stabilizing constitutive and regulated secretory vesicle carrier coats, it is interesting to note that NCS-1 has a more potent effect in enhancing phospholipase C-dependent secretion (triggered by an inositol 1,4,5-trisphosphate-dependent release of Ca 2+ from intracellular stores), rather than phospholipase C-independent secretion [38] . This raises the intriguing possibility that the NCS-1-mediated translocation of PI4Kβ to the TGN, with a concomitant increase in PI(4,5)P 2 levels, results in an increase in vesicle formation and/or vesicle stability at the TGN, which may, at least in part, be triggered by a local, inositol 1,4,5-trisphosphate-dependent release of Ca 2+ from Golgi stores [48] (Figure 1C) . In any case, it will be important to see whether ultrastructural analysis can indeed reveal an NCS-1-dependent increase in the numbers of various TGN-derived vesicles.
NCS-1 regulates voltage-gated ion channels
NCS-1 also seems to be involved in modulating the expression and regulation of voltage-gated K + and Ca 2+ channels ( [49] and references therein). Overexpression of NCS-1 was found to increase Kv4.2/4.3 current amplitudes [50, 51] , which was attributed, at least in part, to the ability of NCS-1 to enhance trafficking of Kv channels from a perinuclear region to the cell surface. Additional effects of NCS-1 on Kv4 channels included modification of their time course of inactivation and recovery from inactivation, which may be due to the observed direct, albeit weak, interaction between the two proteins [50, 51] . Importantly, these studies also assessed the effects of other members of the NCS family on Kv4.2 channel behaviour. Whereas VILIP-1, hippocalcin, neurocalcin and calmodulin had no effect on Kv4.2 currents, KChIPs mimicked the effects of NCS-1. Thus, while the relative importance of NCS-1 compared with KChIPs in modulating native Kv4 proteins remains to be determined, an NCS-1-dependent increase in the cell-surface expression of Kv4 channels is consistent with a role for NCS-1 in enhancing Golgi-to-plasma-membrane trafficking.
The effects of NCS-1 on various Ca 2+ channels are more complex [49] , ranging from changes in the surface expression of channels [36, 52] to changes in their rates of activation and inactivation [30, 49] . It remains to be seen whether NCS-1 can interact directly with Ca 2+ channels, or whether the above effects can be attributed solely to changes in channel trafficking.
Conclusions
In summary, the current data suggest that NCS-1 may potentiate secretion from a variety of cell types by enhancing the trafficking of TGN-derived transport carriers in a PI4Kβ-specific manner, with possible additional role(s) in modulating channels and/or receptors through direct and/or indirect interactions.
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